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Abstract
The present studies were aimed to better understand developmental
contributions to the risk for disordered drinking, and facilitate the long-term goal of
developing effective interventions for individuals at high risk for alcohol use disorders.
Experiment 1 assessed the effect of adolescent pre-exposure to ethanol on adult place
preference, as well as, sex- and beta-endorphin(bE)-related contributions. Adolescent
C57BL/6J and bE deficient mice were injected with 1.5g/kg of ethanol or saline and put
back into their home cages. At the time of adulthood, we employed a single-exposure
conditioned place preference paradigm (SE-CPP) to investigate the impact of preexposure on the initial subjective rewarding effects of 1.5 g/kg ethanol in mice. Results
indicated that a pre-exposure injection results in decreased sensitivity to the rewarding
effects of ethanol in bE deficient mice, as well as, increased sensitivity to alcoholinduced sedation in these mice. Experiment 2a assessed age-related differences in the
initial subjective rewarding effects of 1.5 g/kg ethanol, and the role of sex and bE.
Results indicated CPP was dependent on age and bE, in that bE deficient mice and
adults were more sensitive to the rewarding effects of ethanol. Additionally, adolescent
mice showed insensitivity to alcohol-induced sedation. Experiment 2b examined the
neurochemical differences in wild-type adolescent and adult mice from Experiment 2a.
Although there were no signs of sex differences in the previous experiments, results
indicated neuronal activation in brain regions associated with addiction was dependent
on age and sex. Taken together these results suggest that low endorphin and age
differentially impact the vulnerability to AUDs.
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Introduction
Alcohol Use Disorders
Alcohol abuse is epidemic with nearly 5% of global disease burden due to
harmful use of the drug (WHO, 2018, global status report on alcohol and health). In
2018, 14.8 million Americans aged 12 and older reported having an alcohol use
disorder (AUD) (Mccance-Katz, 2019). Additionally, over 40 million Americans drank to
the point of harm to themselves, their families, and their communities (Grant, Chou, et
al., 2017; Madras, 2010). Over the years, a number of resources have been directed at
this issue, however, the probability of explaining or alleviating irrational consumption
remains quite low. Unfortunately, the complex nature of AUDs, resulting from
interactive factors including heritable predispositions and environmental and
developmental contributions has impeded the resolution of this global health problem.

Beta-endorphin
Beta-endorphin (bE), a 31 amino -acid peptide, is an endogenous opioid derived
from the Proopiomelanocortin (POMC) gene. bE exhibits a higher affinity for the µreceptor than the d- or k- opioid receptors (Bond et al., 1998; Mansour, Hoversten,
Taylor, Watson, & Akil, 1995). This is likely responsible for the regulation and mediation
of drug-induced reward and reinforcement (Becker et al., 2002; Herz, 1997; Roth-Deri,
Green-Sadan, & Yadid, 2008). bE is primarily produced in the arcuate nucleus (ArcN) of
the hypothalamus (Bronstein, Schafer, Watson, & Akil, 1992; Finley, Lindström, &
Petrusz, 1981); and is widely known for its key role in the reward system with neuronal

7
axons that project to various brain regions within the mesolimbic dopaminergic pathway
(Boyadjieva & Sarkar, 1997; Finley et al., 1981; Johansson et al., 1997; Lam &
Gianoulakis, 2011). For example, subjective rewarding stimuli, like alcohol, causes
dopaminergic neurons in the ventral tegmental area (VTA) to release dopamine into the
nucleus accumbens (NAc), two areas essential for reinforcing addictive behaviors
(Blanchard, Magee, Veniegas, & Caroline Blan, 1993; Diana et al., 2003; McBride,
2002).
Additionally, variations in bE levels contribute to the subjective sensitivity to the
rewarding effects of alcohol. Low basal levels of bE are correlated with increased risk for
AUDs (Dai, Thavundayil, & Gianoulakis, 2005; Kiefer, Jahn, Otte, Nakovics, &
Wiedemann, 2006), and studies involving reduced endorphin levels demonstrate the
tendency for increased ethanol intake in both rodents and humans (Dai et al., 2005;
Grahame, Mosemiller, Low, & Froehlich, 2000; Grisel et al., 1999; McGonigle, Nentwig,
Wilson, Rhinehart, & Grisel, 2016; Zalewska-Kaszubska & Czarnecka, 2005; Zhou,
Rubinstein, Low, & Kreek, 2017). Differences in the bE response to alcohol
consumption may contribute to individual variation in the vulnerability to AUDs. Human
studies analyzing hormonal levels in response to alcohol administration in high and lowrisk families demonstrate that high-risk individuals have low basal levels of bE, and a
significant increase of endorphin following alcohol consumption compared to low-risk
individuals (Froehlich, Zink, Li, & Christian, 2000; Gianoulakis et al., 1989). Our lab and
others provide evidence supporting the hypothesis of alcohol-mediated behavior being
dependent on heritable characteristics, such as bE, as well as, sex (Barfield et al., 2010;
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Blanchard, Steindorf, Wang, & Glick, 1993; Grisel, Bartels, Allen, & Turgeon, 2008;
Nentwig, Wilson, Rhinehart, & Grisel, 2019; Rhinehart et al., 2020).
Sex Differences
Several studies have indicated that alcohol differentially affects men and women
(Alfonso-Loeches, Pascual, & Guerri, 2013; Pfefferbaum, Rosenbloom, Anjali
Deshmukh, & Sullivan, 2001; Retson, Sterling, & Van Bockstaele, 2016). For example,
men are more likely than women to indulge in binge drinking behaviors (Gowin, Sloan,
Stangl, Vatsalya, & Ramchandani, 2017); while women tend to progress more rapidly
into addictive behaviors, and are more susceptible to drug dependence (For review see:
Becker et al., 2017). It is likely that societal norms contribute significantly to these sex
disparities in AUD, partially because men have more opportunities for substance use
and have increased exposure (Lemke, Schutte, Brennan, & Moos, 2008; Van Etten &
Anthony, 2001). Despite men having more exposure to drugs, the average number of
women with AUDs has risen significantly in the past several years, particularly in
societies where gender equality is progressing, narrowing the gender gap
(Steingrímsson, Carlsen, Sigfússon, & Magnússon, 2012). Although the incentive to
drink is complex, it is most likely motivated by a desire to relieve stress and the positive
reinforcement of reward. The rising number of women diagnosed with AUD may also be
attributed to sex-specific effects in the brain, largely because alcohol works well as a
means for self-medicating to cope with stress and anxiety (For review see: Becker et al.,
2017, 2012; Erol and Karpyak, 2015). As a result, it's critical to look at both stress- and
reward-related processes while looking for sexually dimorphic mechanisms linked to
AUD.
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Indeed, AUD is often comorbid with anxiety disorders (Grant, Goldstein, et al.,
2017; Hill & Angel, 2005; Knox et al., 2019), likely as a result of alcohol's anxiolytic
effects, which lead to its use as a stress-coping technique. (Gilman, Ramchandani,
Davis, Bjork, & Hommer, 2008; Wilkie & Stewart, 2005). The mechanisms underlying
AUD and stress-related disorders tend to be linked, a relationship likely mediated
by bE expression. In animal models, a lack of bE impairs coping responses to stress
(Grisel et al., 2008; Barfield et al., 2010; Lam and Gianoulakis, 2011; McGonigle et al.,
2016; Nentwig et al., 2019), and clinical and basic research have demonstrated that
people who are at risk for high alcohol self-administration have lower bE levels. (e.g.,
Grisel et al., 1999; Zalewska-Kaszubska and Czarnecka, 2005). The link between AUD
and anxiety disorders may also contribute to the rise in AUD in females considering
women are twice as likely as men to be diagnosed with an anxiety-disorders within their
lifetime (Shear, Cloitre, Pine, & Ross, 2014).
Additionally, rewarding stimuli, including drugs of abuse, differentially affect
males and females in rodent and human models (Becker & Hu, 2008; Wetherill,
Jagannathan, Shin, & Franklin, 2014). Dopamine tone is a key factor in reward and
adolescent male rats, for example, have higher baseline production and depletion of
dopamine D1 and D2 receptor densities in the NAc and striatum than female rats
(Andersen & Teicher, 2000). Furthermore, in response to ethanol administration, adult
female rats display higher dopamine concentrations in the NAc, as well as increased
ethanol consumption compared to male rats (Blanchard & Glick, 1995; Blanchard,
Steindorf, Wang, & Glick, 1993).
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The sexual differentiation in reward processing has been linked to gonadal
hormones affecting neuronal activation. (For review see: Becker, 1999; Fattore et al.,
2014; Lancaster, 1994; Lynch et al., 2002). Rat studies demonstrate that increased
estrogen is associated with increased alcohol consumption in castrated male and
ovariectomized female rats, and that ovarian hormones can promote ethanol-induced
reward (Becker & Koob, 2016; Forger & Morin, 1982).; However, there are some
contradicting findings on this discovery (Logrip, Oleata, & Roberto, 2017; VetterO’Hagen & Spear, 2011). The lack of consensus about these complex mechanisms
highlights the need for additional research specifically looking at the role of sex in
addiction.

Development
There is a growing recognition that adolescent exposure to addictive drugs
significantly increases the risk of drug dependence later in life, in part due to the
neuroadaptive changes that underlie AUDs (Nixon & Mcclain, 2010). Adolescence,
marked by the transition from childhood to adulthood, is characterized by influential
neurobiological adaptions that impact brain function and behavior, especially those
related to addiction, motivation, and impulsivity. Recent research using rodents support
the contention that exposure to alcohol during adolescence alters opioid peptides and
other signaling mechanisms associated with reward and motivation, which can further
reinforce risky behaviors (Boutros, Semenova, Liu, Crews, & Markou, 2015; Granholm,
Segerström, & Nylander, 2018; Gustafsson, Zhou, & Nylander, 2007). Because early
adolescence is an epoch of experimentation, it is typically when individuals are first
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exposed to drugs of abuse, which is directly associated with increased risk factors for
AUDs, (DeWit, Adlaf, Offord, & Ogborne, 2000; Hingson & Zha, 2009; Johnston et al.,
2019). A study of human adolescents found that subjects who began drinking before the
age of 15 were four times more likely than those who began after the age of 21, to
develop alcohol dependency (Grant & Dawson, 1997). Adolescents have also been
known to experience resilience to the negative effects of alcohol, like hangovers and
withdrawal, increasing the likelihood of adolescent alcohol abuse (Spear & Varlinskaya,
2005).
Additionally, adolescence is naturally a time of increased stress, anxiety-like
behaviors, and heightened sensitivity of the hypothalamic-pituitary-adrenal (HPA) axis
(Spear, 2009). On top of an already hypersensitive stress response, alcohol further
stimulates the HPA axis by acting as an environmental stressor, stimulating the release
of corticotropin-releasing hormone (CRH) from the paraventricular nucleus (PVN),
activating the HPA axis. Alcohol also stimulates the release of bE, which facilitates the
restoration of stress homeostasis via a negative feedback loop (Wynne & Sarkar, 2014).
The anxiolytic effect of alcohol that many perceive as reinforcing, is thought to be a
result of bE acting to inhibit CRH expression in brain regions associated with stress and
anxiety (Barfield et al., 2010; Logan et al., 2015; Retson et al., 2016). Clinically, anxiety
disorders and alcoholism are often co-morbid (Fein, Di Sclafani, Finn, & Scheiner, 2007;
Kushner, Abrams, & Borchardt, 2000; Vendruscolo et al., 2006), and reports from
alcohol-dependent individuals indicate that the reduction of anxiety from the use of
alcohol is reinforcing (Hill & Angel, 2005; Koven, Heller, & Miller, 2005; Lawyer, Karg,
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Murphy, & Mcglynn, 2002). Thus, the subjective anxiolytic effects of alcohol, likely
mediated by bE, are likely a key contributor to ethanol’s addictive properties.

Single Exposure- Conditioned Place Preference (SE-CPP)
The use of animal models can be beneficial to study mechanisms that underlie
specific aspects of human behavior evident in the diverse clinical population, like drug
abuse, and to also experimentally parse cause and effect relationships that are
previously misunderstood (e.g., Crabbe, 2012; Gould & Gottesman, 2006; Jadhav,
Magistretti, Halfon, Augsburger, & Boutrel, 2017). Animal models for assessing drug
reward often use inbred or selected lines of rodents to study, locomotor sensitization,
self-administration, and conditioned place preference, all of which utilize chronic and
repeated exposure to drug (Bell et al., 2012; Cunningham, Fidler, & Hill, 2000; Stephens
et al., 2010). Our lab has developed the first animal model for probing the initial
subjective experience to EtOH (Grisel et al., 2014), which allows us to assess factors
involved in the risk for developing addiction, rather than the consequences of it. In this
paradigm, pharmacological effects from a single injection of EtOH are associated with
environmental cues and behavioral preference for the drug-paired context over another
associated with saline administration is used to draw inferences about the drug’s
subjective effects. Evidence from our lab, suggests that the single-exposure conditioned
place preference (SE-CPP) in mice is heritable and dependent upon opioid signaling
(Grisel et al., 2014). In addition, adolescent binge drinking indicates alterations in
neuronal expression in adulthood (Coleman, He, Lee, Styner, & Crews, 2011; Kane et
al., 2014; Maldonado-Devincci, Badanich, & Kirstein, 2010), however, there is a lack of
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literature on the acute effects of alcohol exposure during the critical developmental
periods, on adulthood, and the role of sex and bE may play.
Therefore, in order to assess the effect of adolescent pre-exposure on adult
sensitivity to ethanol, as well as the role of bE and sex, in Experiment 1 we exposed
adolescent C57BL/6J and bE deficient mice to a single injection of ethanol or saline and
employed SE-CPP, once the age of adulthood was met. We hypothesized
that bE deficient, female adults exposed to ethanol in adolescence would have an
increased sensitivity to the rewarding effects of ethanol, due to their increased
sensitivity to stress. Experiment 2a examined age-related differences in the initial
sensitivity to the rewarding effects of ethanol, and the contribution of sex and bE. Again,
we hypothesized adolescent female mice lacking bE would display an increased
preference for the drug. Experiment 2b aimed to examine whether molecular and
behavioral patterns of wild-type adolescent and adult mice from Experiment 2a
corroborate. The interaction of the endogenous opioid system and the mesolimbic
dopaminergic pathway has been implicated in the intense reinforcing effects of opioids,
including alcohol, and activation in these systems may be correlated with addictive
behavior. We hypothesized that the molecular data will mirror the behavioral results of
these subjects. In order to assess possible neurobiological differences, the number of cfos immunoreactive (c-fos-ir) will be analyzed in regions of the brain associated with
reward and drug-seeking behavior.
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Methods
Subjects
Experimentally naïve, male and female C57BL/6J (+/+) and bE deficient (-/-) mice
were used in all studies. The -/- mice were originally produced by standard techniques
following the insertion of a premature stop codon into the POMC gene (Rubinstein et al.,
1996) and have been fully backcrossed onto a C57BL/6J background. +/+ and -/- mice
were be bred in-house from stock obtained from The Jackson Laboratories (Bar Harbor,
ME). After weaning at 21 days, mice were group-housed by sex and genotype in
Plexiglas cages with corncob bedding and ad libitum access to rodent chow and tap
water until the time of testing (Experiment 1& 2). Experiment 1 consisted of two preexposure conditions (saline and EtOH), two genotypes (bE (+/+) and KO (-/-)), and two
sexes (male and female), tested at a single dose in approximately 10 subjects in each
group ( Figure 1). Experiment 2a consisted of two ages (adolescent and adult), two
genotypes (bE (+/+) and KO (-/-)), and two sexes (male and female), with approximately
10 subjects per group (Figure 2). Experiment 2b used the same adolescent and adult,
male and female +/+ mice from Experiment 2a, with approximately 10 subjects per
group.
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Conditioning Apparatus
An unbiased 3-chambered apparatus, with distinct floor tile patterns in the two
opposing conditioning chambers, was used. The floor on one side consists of circles of
various sizes, and on the other, of uniform square tiles; both floors are painted the same
color red, and these floors (42 × 24 cm) serve as conditioning contexts, while a smaller
center chamber (11.5 × 24 cm), intended to be stimulus-neutral, has a smooth floor. The
apparatus walls (24 cm) are opaque white Plexiglas.

General Experimental Model
SE-CPP was conducted over 5 days, including conditioning on days 1 and 3 and
testing on day 5 (subjects were left undisturbed in their home cages on days 2 and 4).
All conditioning and testing occurred during the dark phase of the animals' circadian
cycle, beginning 3-8hr after lights out which was at 0930. Cages of group-housed (35/cage) mice were brought to the dimly lit testing suite one at a time, where subjects
were weighed and identified by an indelible marker on their tails. Immediately following
either EtOH (1.5 g/kg EtOH, intraperitoneally in 20% vol: vol saline) or equivolume
saline injection, mice were relegated to either conditioning context for 30 min, after
which they were promptly removed and returned to their home cage.
The apparatus was cleaned with a dilute, low-odor, and residue detergent
between subjects. The protocol is fully counterbalanced so that half the animals
received an EtOH injection on Day 1, and half on Day 3; half experienced the effects of
EtOH associated with the circular tile floor, and half with the square tile floor. On Day 5,
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mice were placed in the center chamber following a saline injection, with open access to
all three areas of the apparatus, while the behavior was recorded by a ceiling-mounted
video camera, and subsequently analyzed for time spent in each of the three
compartments.
Experiment 1 was designed to assess the influence of adolescent pre-exposure
to EtOH on adult CPP to EtOH and thus involved a pre-exposure to drug treatment.
Subjects were injected intraperitoneally (IP) with either 1.5g/kg ethanol (20% v:v in 0.9%
saline) or with equivolume saline between 28 and 35 days of age, during the period
aligned with adolescent brain development (Agoglia et al., 2017; Huang et al., 2018;
Lee et al., 2016). Approximately 50-60 days later subjective effects were assessed for
EtOH reward using a SE-CPP protocol (Figure 3).
Experiment 2a was designed to assess the influence of age, sex, and bE on the
initial subjective reward of EtOH. Subjects aged either between 28- 35 days or 70- 90
days followed the typical SE-CPP protocol mentioned above. On day 5 of the protocol,
brain tissue was collected from all subjects for further analysis in Experiment 2b (Figure
4).
Fixing Tissue
Ninety minutes following EtOH or saline injections, cages were taken from the
colony room and brought to a different procedural room where they were deeply
anesthetized by injection of a ketamine/xylazine cocktail (ket/xyl at 500/50 mg/kg, IP).
Complete lack of reflexive movement to a strong paw pinch, usually achieved within 1-2
min, was ensured before perfusion. Mice were then transcardially perfused with
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heparinized 0.9% saline solution, followed by 4% paraformaldehyde in phosphatebuffered saline (PBS, pH=7.4) until the body was stiffened. Brains were harvested, fixed
in 4% paraformaldehyde for 48 h, and then put into a sucrose sink (20% followed by
30% sucrose) over 3 days. Brains were stored at 4°C during the fixing process. Brains
were then coronally sectioned (35 μm) with a cryostat (Microm HM 550 cryostat,
Thermo Scientific, Waltham, MA) and stored in cryoprotectant at -20°C until
immunohistochemical processing. Every 8th section (one section every ~300 μm) was
immunohistochemically labeled for c-fos immunoreactivity (c-fos-ir), and then for
tyrosine hydroxylase (TH) immunoreactivity (TH-ir) for analysis in experiment 2b.
Data Analysis
Behavioral data were analyzed blind to condition using SPSS 24.0. Place
conditioning was assessed using one-sample, two-tailed t-tests, as a measure of drug
preference or aversion, by evaluating %Time in EtOH-paired context = (Time in EtOH
Context/((Time in EtOH Context + Time in Saline Context))*100, relative to the null
hypothesis (50%) or locomotor effects of EtOH by subtracting distance traveled during
the two conditioning days (saline minus EtOH, though injections were administered in a
counterbalanced order, compared to a null hypothesis of zero). Group differences were
analyzed by ANOVA, first with three independent variables (sex, genotype, and
experimental condition) and then, in the absence of interactions with sex, by collapsing
across this factor in a 2-way analysis to evaluate place conditioning as well as
locomotor activity during both conditioning and testing. The Fisher’s LSD (GraphPad
Prism) post hoc test was used to assess specific group differences where appropriate.
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c-fos- ir in brain regions including the VTA, Edinger Westphal nucleus (EW), lateral
habenula (LHB), paraventricular nucleus (PVN), ArcN, basolateral amygdala (BLA), and
the bed nucleus of the stria terminalis (BNST) were analyzed using two-way ANOVA
with genotype and treatment (EtOH vs. saline) for each sex separately in order to focus
on age as a primary independent variable, Data were analyzed using GraphPAD Prism
8 software, and effects will be considered statistically significant at p < 0.05. Group
differences were analyzed by ANOVA, in a repeated measure analysis to evaluate
place conditioning as well as locomotor activity during both conditioning and testing.
The Fisher’s LSD (GraphPad Prism) post hoc test was used to assess specific group
differences where appropriate. Unpaired t-tests (two-tailed) were used to assess
differences among locomotor data. TH-ir, c-fos- ir, and c-fos-ir/TH-ir double stained in
brain regions including the VTA, Edinger Westphal nucleus (EW), lateral habenula
(LHB), paraventricular nucleus (PVN), ArcN, basolateral amygdala (BLA), and the bed
nucleus of the stria terminalis (BNST) were analyzed using two-way ANOVA with
genotype and treatment (EtOH vs. saline) for both sexes separately. Data were
analyzed using GraphPAD Prism 8 software, and effects will be considered statistically
significant at p < 0.05.
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Results
Experiment 1

Conditioned place preference is blocked in -/- mice as a result of either preexposure injection
A 3-way ANOVA comparing sex, age, and pre-exposure injection revealed no
main effects of pre-exposure (F1,88 = 0.007, p > 0.05), sex (F1,88 = 0.285, p > 0.05),
genotype (F1,88 = 0.653, p > 0.05), or any interactions (Figure 5a). However, two-tailed ttests to assess place preference scores in each genotype and pre-exposure injection
group separately indicated that +/+ subjects who received a pre-injection of saline or
ethanol showed a significant place preference (M = 54.95 ± 1.45, t (22) = 3.42, p =
0.003; M = 53.13 ± 1.33, t (24) = 2.36, p = 0.027, respectively). Conversely, either preinjection of saline or ethanol prevent place preference in -/- animals (saline: M = 52.18 ±
1.20, t (21) = 1.82, p > 0.05; ethanol: M = 53.62 ± 1.78, t (21) = 2.03, p > 0.05), suggesting
that any pre-injection during adolescents prevents a place preference in bE deficient
mice (Figure 5b).

A pre-exposure injection results in differential sensitivity to the sedative effects
of EtOH in -/- males.
We measured locomotor distance traveled on each conditioning day to assess
group differences in sensitivity to the sedative effects of EtOH. The following results are
comparing the distance differences (saline distance – EtOH distance), among all groups
( note: a larger mean indicates greater sedation). A three-way ANOVA showed no main
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effects of sex (F1,80 = 3.19, p > 0.05), pre-exposure (F1,80 = 0.00, , p > 0.05), genotype
(F1,80 = 0.02, , p > 0.05), or interactions (sex x pre-exposure: F1,80 = 0.10, , p > 0.05),
genotype x pre-exposure: F1,80 = 0.12, , p > 0.05), sex x genotype: F1,80 = 0.18, , p >
0.05), sex x genotype x pre-exposure: F1,80 = 2.01, , p > 0.05; Figure 6a). Additionally,
one sample t-tests indicated that males were significantly sedated (M= 6.74 ± 2.96, t (44)
= 2.27, p = 0.028) (vs females M= 6.53 ± 3.41, t (42) = 1.91, p > 0.05), however, only -/males evinced a significant level of sedation from EtOH ( -/- males: M= 12.33 ± 4.26, t
(20) =

2.89, p = 0.009; +/+ males: M = 1.085 ± 3.92, t (23) = 0.47, p > 0.05; -/- females: M

= 9.77 ± 6.18, t (20) = 1.58, p > 0.05; +/+ females: M= 3.44 ± 3.15, t (21) = 1.09, p > 0.05;
Figure 6a). To determine the role of pre-exposure, a two-way ANOVA comparing preexposure and genotype revealed no main effect of pre-exposure (F1,88 = 0.012, p >
0.05), but a nearly significant main effect of genotype (F1,84 = 3.54, p = 0.06; Figure 2b),
indicating the type of pre-exposure injection (saline or EtOH) did not differentially affect
EtOH-induced locomotor sedation (t(86) = 0.02, p > 0.05; Figure 6b). Additionally,
because of evidence for genotype differences, we analyzed +/+ and -/- subjects
separately using an unpaired t test. The results revealed a strong tendency toward a
difference between +/+ and -/- subjects (t(86) = 1.91, p = 0.059; Figure 6c), indicating that
-/- mice are more sedated in response to EtOH compared to +/+ mice. This is supported
by a one sample t-tests indicating that -/- subjects are significantly more impaired by
EtOH (p = 0.005) than +/+ mice (p = 0.306; Figure 2c). In addition, one sample t-tests
assessing sex and genotype indicate that only -/- males evinced a significant level of
sedation from EtOH( -/- males: M= 12.33 ± 4.26, t (20) = 2.89, p = 0.009; +/+ males: M =
1.085 ± 3.92, t (23) = 0.47, p > 0.05; -/- females: M = 9.77 ± 6.18, t (20) = 1.58, p > 0.05;
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+/+ females: M= 3.44 ± 3.15, t (21) = 1.09, p > 0.05; Figure 6c), suggesting that the
presence of any pre-injection results in -/- males having increased sensitivity to the
sedative effects of ethanol (Figure 6c).
Experiment 2a

b-Endorphin prevents the expression of a conditioned place preference in
adolescence
A 3-way ANOVA assessing the percentage of time spent in the EtOH-paired
context (genotype X age X sex) revealed no main effect of sex (F1,87 = 0.993, p > 0.05),
or interactions with sex (sex X age F1,87 = 1.839, p > 0.05; sex X genotype F1,87 = 0.228,
p > 0.05), therefore we collapsed across sex for all further analysis (Figure 7a). In a 2way ANOVA (genotype and age) there was no main effect of genotype (F1,91 = 0.835, p
> 0.05), but there was a main effect of age (F1,91 = 12.066, p = 0.001), indicating that all
adult mice preferred the ethanol paired context more than adolescents (Figure 7b).
Additionally, there was a significant interaction between genotype and age, in that +/+
mice were differential effected by EtOH as a function of age (F1,91 = 6.144, p = 0.015;
Figure 7b). Figure 7b also demonstrates adolescent and adult -/- mice, and adult +/+
spent significantly more than 50% of their time in the EtOH-paired context as indicated
by one sample, two-tailed t-tests (adolescent +/+: t (19) = -1.08, p > 0.05; adult +/+: t (20) =
4.33, p = 0.009; adolescent -/-: t (22) = 2.07, p = 0.05; adult -/-: t (20) = 3.98, p = 0.000).
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Adolescents are insensitive to the sedative effects of ethanol
A three-way ANOVA comparing age, sex, and genotype on distance differences
revealed a main effect of age (F1,85 = 27.61, p < 0.0001), and a main effect of sex (F1,85
= 7.9, p = 0.007), suggesting that in general adults were more sedated by ethanol
compared to adolescents (Figure 8a), and males were significantly more sedated than
females (Figure 8b). There was no main effect of genotype (F1,85 = 0.05, p > 0.05), or
interactions (age x genotype: F1,85 = 1.74, p > 0.05; age x sex: F1,85 = 1.22, p > 0.05;
genotype x sex: F1,85 = 0.57, p > 0.05; genotype x sex x age: F1,85 = 0.12, p > 0.05;
Figure 8c).

Experiment 2b
Neuronal activation in the EW is dependent on age and is predictive of place
preference in males
In order to explore possible mechanisms accounting for the age differences in
the +/+ mice (Figure 7b), we explored possible molecular differences in those subjects.
Although there were no sex differences in the tendency to find alcohol rewarding, there
were differential patterns of sex differences in cfos expression. A two-way ANOVA of
cfos-ir in the EW comparing age and sex revealed no main effect of age (F1,33 = 0.99, p
> 0.05), and no main effect of sex (F1,33 = 3.18, p > 0.05), however, there was a
significant interaction between age and sex (F1,33 = 8.84, p = 0.005). Post hoc analyses
indicated that male adults exhibited greater cfos-ir than male adolescents (p = 0.009),
as well as, greater cfos-ir than adult females (p = 0.002) (Figure 9a). Additionally,
adolescent males were the only group to display a significant positive correlation
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between cfos expression and PCTE (male adolescents: r(7) = 0.691, p = 0.039; female
adolescents: r(8) = 0.591, p >0.05; male adults: r(7) = 0.06, p > 0.05,; female adults: r(7) =
0.06, p > 0.05), suggesting that age determines the EW nuclei cfos expression and
predicts place preference in males but not in females.

Expression of cfos in areas associated with drug-seeking behavior is significantly
affected by age and sex
Neuronal activation in the BNST, PVA, and BLA, areas associated with drugseeking behavior, revealed no main effect of age (BNST: F1,26 = 0.66 p > 0.05; PVA:
F1,20 = 0.14 p > 0.05; BLA: F1,31 = 0.19 p > 0.05), but a main effects of sex (BNST: F1,26
= 6.09 p = 0.02; PVA: F1,20 = 4.69 p = 0.04; BLA: F1,31 = 5.87 p = 0.02), as well as,
interactions between age and sex (BNST: F1,26 = 7.77 p = 0.009; PVA: F1,20 = 21.34 p
= 0.000; BLA: F1,31 = 5.53 p = 0.02). Post hoc analyses indicates that the sex
differences are driven by the adult subjects, in that adult males have significantly more
activation than adult females in these areas (BNST: p = 0.001; PVA: p = 0.000; BLA: p =
0.002). Additionally, adult male cfos expression is significantly greater compared to
adolescent males in the BNST (p = 0.017; Figure 9c) and PVA (p = 0.002; Figure 9b),
while the BLA showed a similar trend that did not reach statistical significance (p =
0.059; Figure 9d). Analyses also indicate that adolescent females have greater cfos-ir
than adult females, in the PVA (p = 0.007; Figure 9b), but not the BNST or BLA. In
general, adult males have increased activation in these areas.
In addition to these brain areas, several other regions related to stress regulation
and reward were also analyzed, however, the pattern of the results was different. In the
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VTA, LHB, and ArcN there was no main effects of age (VTA: F1,20 = 1.95, p > 0.05; LHB:
F1,20 = 0.04, p > 0.05; ArcN: F1,20 = 0.22, p > 0.05), or sex (VTA: F1,20 = 0.82 , p > 0.05;
LHB: F1,20 = 0.11, p > 0.05; ArcN: F1,20 = 0.74, p > 0.05), or interactions between age
and sex (VTA: F1,24 = 0.36, p > 0.05; Figure 9e; LHB: F1,20 = 3.06, p > 0.05; Figure 9f;
ArcN: F1,20 = 1.98, p > 0.05; Figure 9h). Further, there was no main effect of age in the
CeA (F1,32 = 0.42, p > 0.05), or interaction between age and sex (F1,32 = 2.80, p > 0.05;
Figure 9g). However, in this area there was a main effect of sex (F1,32 = 11.11, p =
0.002), indicating that males had greater activation than females.
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Discussion

The current study assessed the influence of age, sex, and bE on the initial
subjective response to alcohol, as well as EtOH-induced locomotor sedation. We have
demonstrated that bE deficient males who receive a pre-exposure injection are sensitive
to the sedative effects of ethanol, but lack a preference for the drug. Conversely, in the
absence of pre-injections, low endorphin and older age result in an increase in
sensitivity to the rewarding effects of alcohol, suggesting that young animals with high
endorphin are insensitive to the rewarding effects of ethanol. Acute ethanol exposure
activates neurons in areas of the brain associated with drug-seeking behavior
depending upon both age and sex in WT mice. Additionally, our work suggests there
may be a predictive relationship between the amount of neuronal activation in the EW
nucleus and preference for the drug in adolescent mice. Taken together, these results
indicate that bE protects the adolescent brain from stress and that sensitivity to the
rewarding effects of alcohol are dependent on bE and age

The impact of a pre-exposure injection
Adolescence, by nature, is a time for experimentation and taking risks, but it is
also a crucial period where brain development is easily altered. Alcohol use during
adolescence is also implicated in the increased risk for the development of AUD (de Wit
& Phillips, 2012). A study of human adolescents found that subjects who began drinking
before the age of 15 were four times more likely than those who began after the age of
21 to develop alcohol dependency (Grant & Dawson, 1997). As a result, it's crucial to try
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to understand the factors that contribute to problematic adolescent alcohol use, as well
as the factors that impact the relationship of alcohol initiation on drug preference later
on. One of these considerations is the subjective nature of the initial encounter, in
particular whether it was aversive or pleasurable. For example, adolescents who have a
more rewarding experience with a drug are more likely to develop alcohol use disorders
(Deroche-Gamonet, Belin, & Piazza, 2004; Schramm-Sapyta, Morris, & Kuhn, 2006).
This may help to explain why our results showed the prevention of a conditioned place
preference in bE deficient mice who were given pre-exposure injections.
A study using mice assessed the role of bE in anxious behavior, under basal
conditions, and following acute stress exposure, and discovered bE plays a major role in
the facilitation of coping behavior (Barfield, Moser, Hand, & Grisel, 2013). Exposure to a
stressor prior to a novelty-suppressed feeding test, resulted in an aversion to the
novelty feeding in bE deficient animals, suggesting that bE has a moderating effect on
the behavioral response to stress (Barfield et al., 2013), which is supported by other
studies from this lab (Barfield et al., 2010; Grisel et al., 2008). Thus, it is likely that in
our study the pre-exposure injection acted as a significant stressor in bE deficient mice,
impairing their ability to properly return to their basal state. This may suggest that the
pre-exposure acted as a kind of immunization against the stress caused by acute
ethanol exposure, ultimately decreasing sensitivity to the rewarding effects of ethanol
later in adulthood and preventing a place preference. As far as the increased sensitivity
to the sedative effects of alcohol experienced by the bE deficient mice, this would be
expected. Studies from our lab and others have demonstrated that low or absent
bE produces an exaggerated anxiolytic response to EtOH, likely due to the link between
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bE and the HPA axis (Aragon, Trudeau, & Amit, 1990; Dempsey & Grisel, 2012; Grisel
et al., 2008). Therefore, the present findings provide support for the suggestion that
bE modifies sensitivity to stress as well as EtOH. However, it is unclear how the preinjection plays a role in the increased sedation we see here.

The effect of age and beta-endorphin on the rewarding effects of alcohol
Variations in bE levels play a role in the subjective response to alcohol's
rewarding effects. Low basal levels of bE are linked to an increased risk of AUDs, and
studies in rodents and humans with low endorphin levels show a propensity for
increased ethanol consumption (Dai et al., 2005; Grahame et al., 2000; Grisel et al.,
1999; McGonigle et al., 2016; Zalewska-Kaszubska & Czarnecka, 2005; Zhou et al.,
2017). In congruence with these findings, we see stressful stimuli enhance the
rewarding effects of alcohol in endorphin deficient mice, and sensitivity to ethanol’s
rewarding effects is increased in adult subjects with high endorphin. The effect was
dependent on age, however, our findings do not support our original hypothesis. It was
expected that adolescent mice would show increased sensitivity to ethanol due to their
increased susceptibility for addiction, as well as, evidence for increased sensitivity to
other drugs of abuse compared to adults (Faraday, Elliott, & Grunberg, 2001; Philpot,
Badanich, & Kirstein, 2003).
Although our findings contradict our hypothesis, the present study, along with
others, provide consistent evidence for a decreased response to ethanol-paired CPP in
adolescent mice, which also includes an insensitivity to alcohol-induced locomotor
impairments and sedation (Lopez, Simpson, White, & Randall, 2003; Song et al., 2007;
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Spear & Varlinskaya, 2005). One possible explanation for the observed response to
ethanol could be differences in blood alcohol concentration in adolescent and adult
mice. For example, rodent studies, observe decreased blood alcohol plasma
concentration, while peak serum concentrations are increased in adolescents compared
to adult mice (Little, Kuhn, Wilson, & Swartzwelder, 1996; Lopez et al., 2003;
Swartzwelder, Richardson, Markwiese-foerch, Wilson, & Little, 1998). Additionally,
C57BL/6J adolescent mice note a more rapid clearance of drug following an acute
ethanol injection of 3g/kg, 90 minutes post-injection (Hefner & Holmes, 2007). This
response is also exhibited in DBA/2J mice and Sprague-Dawley rats (Little et al., 1996;
Stevenson, Besheer, & Hodge, 2008). This suggests, the attenuated response to acute
alcohol in adolescents may be linked due to a more active metabolism of the drug, and
not a result of CNS insensitivity to ethanol.

The pattern of cfos activity is dependent on sex and age
Neuronal activation in brain regions associated with addiction has shown to be
differentially impacted by both sex and age in that adult males showed increased
activation compared to their adolescent and female counterparts. The present findings
on the neurobiological data are representative of +/+ subjects from experiment 2, due to
the significant age differences seen in behavior. Our data add to a growing body of
evidence demonstrating that neuronal activity in the brain is impacted by the subject's
age as well as inherited characteristics, such as biological sex. Notably, the neural
activation that we assessed was not a direct response to ethanol, but a response to the
cues associated with EtOH conditioning, which happened 2-4 days prior.
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Understanding the mechanisms underlying cue-induced drug-seeking behavior is
essential considering this behavior is linked to substance use disorder relapse (For
review see: Bardo & Bevins, 2000; Perry, Zbukvic, Kim, & Lawrence, 2014). As the
reinforcing properties of drugs become correlated with environmental stimuli, a
previously neutral cue achieves salience and can induce drug-seeking through
Pavlovian conditioning, typically done through repeated exposure. Studies using this
experimental design report increases in cfos activation mainly in the BNST, VTA, and
amygdala (Hill, Ryabinin, & Cunningham, 2007; Pati, Pina, & Kash, 2019), suggesting
implications in contextual learning associated with drug reward. Additionally, many of
the areas explored in the current study have also had significant cfos activation in
response to acute ethanol exposure, further implicating these regions in ethanol reward.
For example, acute EtOH exposure in male mice and rats increases c-fos expression in
a variety of stress and reward-related brain regions such as the CeA, EW, PVA, VTA,
NAc (Burnham & Thiele, 2017; Chang, Patel, & Romero, 1995; Criado & Morales, 2000;
Knapp et al., 2001; Leriche, Méndez, Zimmer, & Bérod, 2008; Ryabinin, Criado,
Henriksen, Bloom, & Wilson, 1997; Segovia, Vontell, López-Cruz, Salamone, & Correa,
2013).
Evidence supporting the involvement of the PVT in addiction stems from findings
that glutamatergic projections are sent from the PVT to the nucleus accumbens (NAc)
and prefrontal cortex (PFC) (Vertes & Hoover, 2008). In addition, stimulation of this area
results in an increase of dopamine in the NAc (Jones, Kilpatrick, & Phillipson, 1989;
Parsons, Li, & Kirouac, 2007), while lesioning of this area results in attenuated drugseeking behavior (Hamlin, Clemens, Choi, & McNally, 2009). Similarly, the BLA also
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sends glutamatergic projections to the NAc (Johnson, Aylward, Hussain, & Totterdell,
1994), and when electrically stimulated, there are increases in dopamine release
(Howland, Taepavarapruk, & Phillips, 2002). Differentially, the BNST is known to be
involved with stress circuitry and has bi-directional projections to the VTA, a known area
of addiction processing (Stamatakis et al., 2014). The BNST likely has a significant role
in the withdrawal/negative affect stage of addiction, as described by Koob & Volkow
(2010), which is consistent with evidence that the BNST plays a role in withdrawal
symptoms in alcohol abuse (Silberman, Matthews, & Winder, 2013). Thus, it is likely
that the increased activation in this area during periods of abstinence is driving cravings
and other drug-seeking behaviors. As for the EW, it is traditionally associated with
oculomotor function. However, an increase in curiosity in its involvement in substance
abuse, lead to the discovery that the EW has fibers that extend to the VTA, PVT, BLA,
BNST, CeA, and various other regions throughout the brain ( For review see: Zuniga &
Ryabinin, 2020). Additionally, urocortin 1 neurons, peptides in the corticotropinreleasing factor family, are known to reside in the EW (Vaughan et al., 1995). Previous
studies have demonstrated that urocortin 1 and other peptides found in the EW,
regulate the preference and intake of alcohol (Bachtell, Tsivkovskaia, & Ryabinin, 2002;
Ryabinin et al., 1997; Turek et al., 2005), however, the mechanisms that underly this
relationship are currently understudied. In addition to these brain regions, we were
surprised to see no difference in activation of the VTA, as this area is such a relevant
region for drug reward. The lack of findings in this area, however, may provide further
support for the relationship between stress regulation and drug-seeking behavior.
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Ours is the first study to look at the molecular correlates that correspond with
conditioning associated with SE-CPP and these findings demonstrate that a single
exposure to ethanol initiates neural networks associated with cue-induced drug-seeking
behavior in potentially higher risk groups. Our behavioral data, and others, suggests
that older +/+ mice experience increased sensitivity to the rewarding effects of ethanol
compared to adolescents (Lopez et al., 2003; Song et al., 2007; Spear & Varlinskaya,
2005). Our data provide further support for these findings in that these mice are also
demonstrating increased cfos activation in the BNST, BLA, PVT, and EW, which have
all been found to have significant contributions to addiction. The dynamic relationship
between these areas may explain why adult mice have increased activation and
preference for the ethanol-paired context.
In addition to age, cfos activation was also dependent on sex in these regions, in
that among adults, males had significantly more activation than females. This
interaction was not corroborated by the behavior, where we saw no sex differences in
any of the groups. This suggests that the mechanisms for SE-CPP may be sexually
dimorphic. There are several studies using expression of the immediate early gene
(IEG), c-fos, as a tool for mapping the effect of EtOH on central neural circuits in a
variety of paradigms to evaluate neuronal activation in response to EtOH. However,
research investigating the impact of acute or chronic EtOH-paired CPP on neuronal
activation in males and females is noticeably scarce. Although there is a lack of
literature on this topic, our PVT data was duplicated in a previous study from our lab,
demonstrating increased neuronal activation in males following an acute 2 g/kg injection
of ethanol (Rhinehart et al., 2020). The PVT, however, was the only area that the
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findings were matched, in that the rest findings were found to be significant in
bE deficient animals. As for the lack of sex differences among the adolescent age
group, it is likely explained by the lack of pubertal hormones (For review see: Becker,
1999; Fattore et al., 2014; Lancaster, 1994; Lynch et al., 2002).

Limitations
Further investigation into the contribution of metabolism via blood ethanol concentration
at 1.5g/kg, as well as 2.0 g/kg is warranted. In addition, experiment 2 should also be repeated
with a higher dose of 2.0g/kg to establish if the attenuated response in adolescents was due to the
lower does. We also report no effect of ethanol exposure during adolescence on ethanol
preference scores later in adulthood, however the period between pre-exposure and SE-CPP may
have added unforeseen variability.

Conclusions and Future Directions
Overall, these results support the contention that age and bE impact initial
sensitivity to the rewarding effects of ethanol. High levels of bE in adolescence reduced
sensitivity to the initial rewarding effects of ethanol. In addition, although -/- mice spent
more of their time in the EtOH-paired context, and no significant main effect of genotype
was found, -/- mice appear to have an attenuated response compared to adult +/+. The
lack of significance may be due to an insufficient number of subjects, and future studies
will increase the number of animals. Nonetheless, the indication of reduced sensitivity to
EtOH may reflect increased liability for AUDs, as organisms tend to increase selfmedication in the absence of reward, likely linked to mechanisms of stress regulation.
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Inline with these notions linking bE and stress, genetic differences in the mopioid receptor have shown to play a role in the HPA axis' differential response to stress
(Chong et al., 2006), and the bE system's response to acute stress is also highly
heritable (Dai, Thavundayil, & Gianoulakis, 2002; Dai et al., 2005). Additionally, our lab
has demonstrated the contribution of bE in the facilitation of coping behavior, (Barfield et
al., 2013). The involvement of hyperactive stress systems following chronic EtOH
exposure has been most strongly supported in the literature, however, the evidence for
heritability of stress-induced HPA axis function, combined with the findings presented
here, suggests that developmental and genetically determined differences in sensitivity
to stress likely leads to heritable differences in vulnerability to developing AUDS
(Charmandari, Tsigos, & Chrousos, 2005; Merenlender-Wagner, Dikshtein, & Yadid,
2009). Though we did not examine the role of bE in neuronal activation, the patterns of
activation in brain regions associated with stress and addictive behaviors were
significantly affected by age and sex. Our findings further demonstrate the unique
connection between stress and addictive tendencies, as well as the impact of
development and inherited characteristics, such as biological sex.
The objective of this study was to identify factors involved in adolescent
vulnerability to alcohol use disorders by determining if the sensitivity to the initial
subjective rewarding effects of alcohol differs between adolescents and adults with
varying levels of bE. Taken together our observations add to the growing body of
evidence demonstrating that mechanisms involved in AUD vulnerability are mediated by
age and bE. Ultimately these studies provide insight into a critical aspect of AUD risk
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that is manifest at the first exposure to the drug and point the way toward more targeted
intervention and prevention efforts.
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Appendix
Figure 1. Experiment 1 subjects N= 10-13
Pre-Exposure

Strain

Total

B6

KO

Saline

M (11)

F (11)

M (10)

F (11)

43

EtOH

M (13)

F (11)

M (11)

F (10)

45

Total

24

22

21

21

88

Figure 2. Experiment 2 subjects N=10-20
Strain

Adolescent CPP

Adult CPP

Total

B6

M (10)

F (10)

M (10)

F (11)

41

KO

M (10)

F (13)

M (20)

F (11)

54

Total

20

23

30

22

95
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Adolescent
PreExposure
• 1.5 g/kg IP
injection (EtOH
or saline)
between 28-35
days old

SE-CPP
Day 1

50-60
days
later

• 1.5 g/kg IP
injection of
saline or EtOH
• 30 min
conditioning

•ex) Saline injection
paired with a circle
floor

SE-CPP Day
5

SE-CPP
Day 3
• Opposite IP
injection that
was given on
Day 1
• 30 min
Day 2 is conditioning in
spent in opp context
•ex) EtOH injection
home
paired with a
cage
square floor

•IP saline injection
•Placed in neutral
center context
with access to
either conditioned
context
•Behavior
is
Day 4 is
measured
for 30
spent in min

home
cage

Figure 3. Experiment 1 protocol progression. Male and female, +/+ and -/- mice
aged between 28-35 days old we given a pre-exposure injection of either 1.5g/kg EtOH
or 0.9% saline and placed back into their home cages. Approximately 50-60 days SECPP was conducted over 5 days, including conditioning on days 1 and 3 and testing on
day 5 (subjects were left undisturbed in their home cages on days 2 and 4). Immediately
following either EtOH (1.5 g/kg EtOH, intraperitoneally in 20% vol: vol saline) or
equivolume saline injection, mice were relegated to either conditioning context for 30
min, after which they were promptly removed and returned to their home cage. The
protocol is fully counterbalanced so that half the animals received an EtOH injection on
Day 1, and half on Day 3; half experienced the effects of EtOH associated with the
circular tile floor, and half with the square tile floor. On Day 5, mice were placed in the
center chamber following a saline injection, with open access to all three areas of the
apparatus, while the behavior was recorded.
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SE-CPP Day
1

SE-CPP Day
3

• Opposite IP
injection that
was given on
Day 1
• 30 min
conditioning in
Day 2 is alternative
context
spent in
•ex) Saline injection home
•ex) EtOH injection
paired with a circle cage
paired with a
floor
• Adolescent and
adult mice
• 1.5 g/kg IP
injection of
saline or EtOH
• Conditioned for
30 min

SE-CPP
Day 5
• IP saline
injection
• Placed in
neutral center
context with
acess to either
conditioned
Day 4 is context
spent in • Behavior is
home
measured for
30 min
cage

Sacrificed
• Brain tissue
was collected
and fixed for
analysis of
Experiment 2b

90-120
minutes

square floor

Figure 4. Experiment 2 protocol progression. Experiment 2a used male and female,
+/+ and -/- mice aged either between 28- 35 days or 70- 90 days old. SE-CPP was
conducted over 5 days following the same procedure as mentioned in Experiment 1.
Approximately ninety minutes following the test on day 5, animals were sacrificed and
their brain tissue was collected and fixed for neurobiological analysis in Experiment 2b.
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Figure 5. A pre-exposure injection blocks conditioned place preference in betaendorphin deficient mice. The percentage of time spent in the ethanol-paired context
is presented as means ± SEM. A) Three-way ANOVA was used to examine the main
and interaction effects of sex (male, female), genotype (+/+, -/-), and pre-exposure
injection (saline, ethanol). Effects were considered significant at p < 0.05, and n = 10-13
animals per group. B) One sample, two-tailed, t-test was used to demonstrate the
formation of a place preference relative to the null hypothesis (50%). Effects were
considered significant a p < 0.05, and n = 21-24 animals per group. #, denotes a
significant difference from 50%.
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Figure 6. A pre-exposure injection differentially increases sensitivity to the
sedative effects of ethanol in beta-endorphin deficient mice. Distance difference
was used as a measure of sedation by evaluating (saline distance- ethanol distance)
relative to the null hypothesis (0 m), thus the larger the mean = increased sedation.
Data are presented as means ± SEM for each of the graphs. A) A three-way ANOVA
was used to assess the main and interaction effects of sex (male, female), genotype
(+/+, -/-), and pre-exposure injection (saline, ethanol). Effects were considered
significant at p < 0.05, and n = 10-13 animals per group. B) Data is collapsed across
sex and genotype, and differences among the groups were analyzed using an unpaired
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t-test. Effects were considered significant at p < 0.05, and n = 43-45 animals per group.
C) Data is collapsed across sex and pre-exposure, and a one-sample t-test was used to
indicate if sedation was significant. Effects were considered significant at p < 0.05, and
n = 42-46 animals per group. D) Groups collapsed across pre-exposure, one-sample ttests were used to assess sedation significance. . Effects were considered significant at
p < 0.05, and n = 21-24 animals per group. #, denotes a significant difference from 0m.
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Figure 7. Beta-endorphin in adolescents reduces sensitivity to the rewarding
effects of alcohol. The percentage of time spent in the ethanol-paired context is
presented as means ± SEM. A) Three-way ANOVA was used to examine main and
interaction effects of sex (male, female), genotype (+/+, -/-), and age (adolescent, adult).
Effects were considered significant at p < 0.05, and n = 10-20 animals per group. B)
Differences among groups were analyzed with a two-way ANOVA. Effects were
considered significant at p < 0.05, and n = 20-31 animals per group. #, denotes a
significant difference from 50%. *, denotes the main effect of age.
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Figure 8. Adolescents display an insensitivity to ethanol-induced sedation.
Distance difference presented as means ± SEM for each of the graphs. A) Data is
highlights sex and genotype, and differences among the groups were analyzed using an
ANOVA. Effects were considered significant at p < 0.05, and n = 43-50 animals per
group. B) Data highlights sex and age, and differences among the groups were
analyzed using an ANOVA. Effects were considered significant at p < 0.05, and n = 43-
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50 animals per group. C) A three-way ANOVA was used to assess the main and
interaction effects of sex (male, female), genotype (+/+, -/-), and age ( adolescent,
adult). Effects were considered significant at p < 0.05, and n = 9-20 animals per group.
*, denotes a main effect. #, denotes a significant difference from 0m.
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Figure 9.c-Fos activation depends on age and sex in several brain areas. Effects of
ethanol-paired CPP on c-fos protein expression in brains of +/+ mice. c-fos protein
expression 90–120 min following CPP test. Two-way ANOVAs were used to examine
the main and interaction effects of age (adolescent, adult) and sex (ethanol, saline) in
each brain region, results of which are depicted within each graph. The number of
nuclei that were positive for c-fos-immunoreactivity are presented for the Edinger
Westphal nucleus (A), paraventricular nucleus of the thalamus (B), bed nucleus of the
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stria terminalis (C), basolateral amygdala (D), ventral tegmental area (E), lateral
habenula (F), central amygdala (G), and arcuate nucleus (H). Effects were considered
significant at p < 0.05, and n = 6-10 animals per group. *, denotes a significant
interaction followed by post hoc analyses indicating adults > adolescents, and males >
females.

